To assess potential disturbance effects on fish from seismic air-gun surveys, we described several metrics to characterize the exposures from such surveys, including the number of emissions by area and time, and metrics based on accumulated sound exposure levels (SEL). For the SEL-based metrics we used both a simple spherical-geometrical model and a model that incorporated physical sound propagation properties such as bottom topography and the vertical difference in sound speed. We applied the metrics to two experiments in Norwegian waters (the Nordkappbanken and Vesterålen experiments) where fish distributions and fisheries were affected by the air-guns, but where the disturbance was stronger in the Nordkappbanken case. The metrics based on the number of emissions by area and time showed a stronger impact in the Nordkappbanken case. For the SEL-based metrics, the simple sound propagation model failed because of artificially elevated levels close to the emissions, but for the more complex propagation model, contrary to expectations, a stronger SEL was found in the Vesterålen case. We conclude that simple sound propagation models should be avoided and that the reliance on sound energy metrics like SEL for disturbance effects must be interpreted with caution.
Introduction
Geological (air-gun) surveys map the sub-bottom structures of the sea floor and are used extensively for locating petroleum resources. The air-gun arrays are designed to create an acoustic pulse that penetrates the sea floor, but parts of the pulse also radiate horizontally into the water column. Air-guns contribute to increased anthropogenic noise in the oceans (Hildebrand 2009) , and there are growing concerns that increased aquatic noise pollution may have detrimental effects on aquatic life (Slabbekoorn et al. 2010) .
Air-gun emissions have caused behavioural changes in caged fish Hassel et al. 2004) , damaged the fish auditory system (McCauley et al. 2003) , and generated large-scale changes in horizontal (Engås et al. 1996) and vertical (Slotte et al. 2004 ) fish distributions. Changes in catch per unit effort have also been observed for fisheries in close proximity to seismic surveys Engås et al. 1996; Løkkeborg et al. 2012) . Concerns about the effect of noise on aquatic life are finding their way into policy documents, such as the EU marine strategy framework directive (Anonymous 2012) .
Several exposure metrics can be used to characterize the impact of air-gun surveys. These include simple metrics such as number of air-gun emissions within an area or time interval or metrics based on the actual energy or other properties of the air-gun emissions. Sound pressure level is often used to characterize sound, but this is misleading for transient air-gun emissions, as it relies on the root mean square pressure over an unspecified averaging window (Madsen 2005) . Appropriate measures for transients are defined in the ANSI standard for measurement of impulse noise (Anonymous 1986 ) and include peak-to-peak pressure, rise time, impulse, a-duration, etc. A useful metric for transients is the sound exposure level (SEL). This is a measure of energy in a pulse (Carey 2006) and can be summed across emissions to give an overall measure of sound energy over a certain period of time, such as daily or total exposure doses, similar to noise dose estimation for humans (Heathershaw et al. 2001) .
Two large-scale experiments on the effect of seismic surveys have been conducted off the northern Norwegian coast (Table 1 ; Fig. 1 ) and used as cases in this study: the Nordkappbanken experiment (Engås et al. 1996) and the Vesterålen experiment (Løkkeborg et al. 2012) . Both experiments assessed the impact of seismic surveys on fisheries and investigated changes in fish distributions before, during, and after the exposure. In the Nordkappbanken experiment, trawl catches of Atlantic cod (Gadus morhua) and haddock (Melanogrammus aeglefinus) and long-line catches of haddock were reduced by 70% within the exposure area (5.5 km × 18.5 km). The reduced catches were confirmed by an acoustic echo-integration survey. For the larger exposure area (14 km × 85 km) in the Vesterålen experiment, gill-net catches of redfish (Sebastes norvegicus) increased by 86% and Greenland halibut (Reinhardtius hippoglossoides) by 132%, while 25% and 16% reductions in long-line catches of haddock and Greenland halibut, respectively, were reported. The increased gill-net catches were explained by a change in swimming pattern that lead to increased encounters with gill nets. There was also a general reduction in catch rates for other species. However, except for haddock, no difference was found by the acoustic survey, and no changes in the behaviour of Atlantic herring (Clupea harengus) schools were found when tracking the exposed schools using fisheries sonar (Peña et al. 2013 ). In summary, the level of disturbance was less than for the Nordkappbanken experiment, and the authors concluded that "less intense sound exposure compared with previous studies and strong habitat preference in some species may explain this finding" (Løkkeborg et al. 2012) .
The objective of this work is to apply the exposure metrics to the two experiments and to assess their performance. The overall level of disturbance was less in the Vesterålen experiment, and we expect this to be reflected in the exposure metrics. It is worth noting that the experiments were different in a multitude of aspects, but the rationale for addressing the noise exposure metrics is their increasing role in policy documents and regulations.
Materials and methods
We used several metrics to characterize the noise exposures for the two experiments. These included simple metrics such as number of exposures by area and time and energy (SEL)-based metrics derived from two different propagation models: a simple combination of spherical and cylindrical transmission loss and a raytracing model that incorporated seafloor structures and sound speed gradients in the water column. For the SEL-based metrics we defined a central point of interest, denoted x, within each survey area where we calculated the metrics (Fig. 1) . In general, any location of interest could be defined, such as to match a fishing activity, a central position in the exposure area, or even moving points in space to match animal movements.
Seismic surveys and physical sound propagation properties
The positions of the air-gun emissions were required for the metrics. In addition, the SEL-based metrics required the configuration of the air-gun cannons, the sound speed profiles, and bottom topography.
The seismic exploration vessel RV Academic Skatskiy was used for the Nordkappbanken experiment. The positions of each airgun emission, x i , were estimated from the description of the experiment (Engås et al. 1993, their appendix D) . The positions are given in Euclidean distance relative to the reference position (72°20=N, 26°00=E), while the index i denotes the individual airgun emission. In the Vesterålen experiment, the seismic exploration was done by RV Geo Pacific, and geo-referenced positions from the surveyor's log files were converted to Euclidean distance relative to the reference position (69°10.1=N, 14°37.4=E). The configurations of the air-guns for the two experiments are given in Table 1 .
The vertical sound speed profiles were calculated using the Del Grosso equation (Del Grosso 1974) from conductivity, temperature, and depth (CTD) profiles taken in the survey areas. For the Nordkappbanken experiment, a portable CTD (Gytre 1991) was used, and for the Vesterålen experiment, a Seabird SBE911 CTD was used. Stratification was stronger in the Vesterålen case than for the Nordkappbanken case (Fig. 2a) .
The bottom topography and substrate are important parameters for sound propagation. In the Nordkappbanken experiment, the acoustic survey vessel's echosounder was used to measure the depths in the area. The bottom was almost flat with approximately ±5 m variation over the whole exposure area (Fig. 2b) . The bottom substrate consisted of sand and sandy mud (Anonymous 2013) . The simulations assumed that the grain size was approximately 63 m, giving a density of 1700 kg·m −3 , compressional wave speed of 1620 m·s −1 , shear wave speed of 500 m·s −1 , compressional wave attenuation of 0.1 dB·m −1 , and shear wave attenuation of 0.3 dB·m −1 (Hamilton 1987) .
In the Vesterålen experiment the bottom topography varied substantially across the exposure area. The bottom topography data was available from the surveyor's log files, but only along a subset of lines in the northeast direction (Fig. 1b) . The bottom substrate varied from sand to gravel, cobbles, and boulders, but the majority of the area was gravel. This gave a density of 2500 kg·m −3 , compressional wave speed of 2000 m·s −1 , shear wave speed of 600 m·s −1 , compressional wave attenuation of 0.1 dB·m −1 , and a shear wave attenuation of 1 dB·m −1 (Hamilton 1987) .
Simple noise propagation model
The simple noise propagation model assumes a combination of spherical and cylindrical transmission loss to calculate the SEL for each emission. At close range, typically in the same order of magnitude as the bottom depth, free field approximations may be appropriate and lead to a spherical transmission loss. For ranges greater than the bottom depth, an ideal waveguide with perfectly reflecting boundaries can be assumed, which results in a cylindrical spreading loss. A combination of the two is expressed by
where E (0) is the sound exposure extrapolated to the reference distance r 0 = 1 m, r i = |x i Ϫ x|, and r t is the transition range, usually close to the water depth. The energy flux density source level (Carey 2006) referred to a distance of 1 m is defined as
where E ref is the reference level. Note that Carey (2006) uses the notation E x as opposed to E. Note also that source levels are different than the actual exposure level close to the air-gun (Caldwell and Dragoset 2000) , since the signals from the individual air-guns interact and create the combined and focused pulse in the far field. Consequently, the EFSL serves only as a reference when estimating the levels at a distance and are not valid at short range. For the Vesterålen experiment, noise observations were available ( Fig. 3 ; Løkkeborg et al. 2010) . The measurements were obtained using a free-floating buoy, containing three Naxys 02345 Ethernet hydrophones (Naxys, Bergen, Norway), positioned at 8, 32, and 64 m depth, and the model could be fitted directly to the hydrophone measurements. Assuming that r t = 135 m, which is the approximate bottom depth at the location of the buoy, we can fit eq. 1 to the observations (Fig. 3) . The estimated EFSL from the hydrophone using eq. 1 is then 250.5 dB re 1 Pa 2 (1 s). For the Nordkappbanken experiment, we did not have hydrophone observations and simply used the same source level of 250.5 dB as in the Vesterålen case. Note that no difference in directionality was assumed and that the air-gun configuration was slightly different; based on the data in Table 1 and following Caldwell and Dragoset (2000) , we may expect a difference of 1.3 dB re 1 Pa 2 (1 s). Using eq. 1 we can then obtain estimates of SEL at any distance from the source, which were then used to estimate the daily exposure at the position of interest.
Ray-tracing propagation model
Noise propagation is far more complex than the simple model described above and includes multipath reflections from the surface, bottom, and ray bending, interactions with the bottom substrate, etc. The different propagation paths may converge in zones to give highly elevated levels at larger distances (Hovem et al. 2012) . Based on the available data, a full 4D propagation model would be too complicated, and as a compromise we used a 2D ray-tracing model ("PlaneRay"; Hovem 2011; Tronstad and Hovem 2011; Hovem et al. 2012) . For an overview of other models and for further references, see Jensen et al. (2011) .
In the simulations, the air-gun array was placed 6 m deep, and the model found the trajectories, travel times, and amplitudes of the rays along the bathymetry lines (Figs. 1, 2b ) and calculated the SEL at various depths by coherent addition of the multiple arrivals at any depth and distance away from the source. No rays were traced into the bottom; rather, the bottom interaction was described by plane-wave reflection coefficients of the bottom layer using sound speed and density for the two locations as described above, including the effect of varying bottom topography (Fig. 2a) . The speed of sound varied with depth only, and the sound speed profiles based on the observations were used in the simulations (Fig. 2a) . We used a simplified model for the vertical directionality (Hovem et al. 2012) .
The model was set up to estimate the weighted SEL for two different depth distributions: the near bottom estimate (B) centred at 10 m from bottom ( = 10 m) and a pelagic estimate (P) centred at 30 m depth ( = 10 m). Both estimates weighted the depth-distributed SEL from the model with a Gaussian weight function with as the standard deviation. The model was evaluated using the same noise observations as for the simple case described above.
For the Nordkappbanken experiment, the SEL estimates at the point of interest x for each emission pulse was straightforward. Since the bottom was flat, the SEL was simply found by looking up SEL for a given range r= away from the source, ignoring the direction. Note that this assumes no horizontal directionality. In this case, r= = r i and r i = |x i Ϫ x| (cf. Fig. 4a ). The Vesterålen experiment was more complicated, since the modelled line was only representative for that particular topography line. However, most of the exposures were along the northeast direction and at a distance away from the point of interest, and the path was for the most part along similar bottom topography. As an approximation we assumed that the modelled line was representative of the distance between the point of interest x and the air-gun emission x i . We projected x on to the modelled transect (r= = 0, cf. Fig. 4a ), and the model estimated the SEL as a function of distance r= from the projected point. Again, assuming no horizontal directionality and relying on the predominant norhteast direction, we approximated the SEL for a given emission by setting r= = r i , where r i is simply the distance between the point of interest and the emission (Fig. 4) .
Noise dose
Since the SEL, as defined here, contained the energy in a single pulse, the total energy at a given location of interest x over a specific time period could be found by summing the contributions from all air-gun emissions. In this paper we have used a 24 h accumulated SEL, which is similar to the noise dose used for human noise regulations (Heathershaw et al. 2001) , except that it is not scaled by the 8 h exposure time convention. The 24 h cumulative sound exposure level D k at the location of interest x for day k was found by summing the exposure from all seismic emissions within 24 h for the day in focus:
where A k is the set of air-gun emissions i within each day k, and E i is the exposure from each air-gun emission i, which can be the output from both the simple model and the ray-tracing model. In addition to binning the air-gun emissions by day, we also binned the emissions by range. This gave the total energy from exposures at a given range and was used to provide information about the distances that contributed to the exposures.
Results
The simple picture -the number of exposures by distance, area, and time Key sound exposure metrics were different between the experiments (Table 1 ). The duration of the Vesterålen experiment was approximately eight times longer than the Nordkappbanken experiment, but the number of exposures per unit time was approximately 30% higher. Further, in the Vesterålen experiment the cumulative energy was distributed over an area one order of magnitude larger. The exposures per area and unit time were 16 times higher for the Nordkappbanken experiment. These indicate a larger fish disturbance on the smaller area when using these simple metrics, which was in accordance with our expectations of a stronger fish reaction and distribution change for that case.
The exposures at the central position, x, within the survey (Fig. 1) was calculated. The distribution of distances between the point of interest and positions of the air-gun emissions, given by the distribution of r i = |x i Ϫ x|, gave an indication of the distances between the seismic vessel and the position of interest throughout the experiments. This gave an indirect indication of the noise 
energy exposure (Fig. 4b ). There were a higher number of exposures from short ranges for the Nordkappbanken experiment.
Sound exposure levels
For both models and both experiments, the SEL estimates were modelled as a function of distance r= (Fig. 3) along the topography transects (Fig. 2) , while the ray-tracing model estimated the SEL for two different depths. The simple model gave highly elevated levels close to the source, while the ray-tracing model did not. For the Nordkappbanken experiment, the sound speed increased slightly with depth over the whole water column (Fig. 3) , causing the rays to bend upwards towards the sea surface and creating weak convergence zones at ranges of 12, 24, and 36 km and deep convergence zones at about 125 m depth. The rays to these zones did not interact with the bottom, and sound in these zones was therefore independent of the bottom structure, but somewhat dependent on sea surface conditions as the rays struck the surface. For the Vesterålen experiment, nearly all of the acoustic energy was transmitted via bottom-and surface-reflected paths. This meant that the properties of the sea surface and, in particular, the bottom were important.
Daily total energy exposure
The daily accumulated SEL (dose) for each experiment and the accumulated dose for the duration of the experiment are given in Fig. 4c . The daily dose from the simple model was sensitive to the choice of central position and was substantially higher (ϳ20 dB) because of the artificially elevated levels close to the source. For this reason we omitted the results from this model in the daily exposure results.
The surprising result was that the daily dose estimates from the Nordkappbanken experiment were less than those from the Vesterålen experiment. This resulted in the total exposure, even if the Nordkappbanken experiment was intense, being lower. This was contrary to the signal from the simple metrics.
To understand this, it is informative to know how transmissions at a given range contributed to the total sound exposure. To do that, we binned the SEL into range bins away from the central position and summed the contribution at each range. This gave an estimate of how much of the total exposed energy was obtained from different ranges (Fig. 4d) . In the Nordkappbanken experiment, the contribution to the total exposure was dominated by exposures at relatively close range, whereas for the Vesterålen experiment the contribution was dominated by contributions from around 10 km. This was a combination of the distance distribution to the emissions and the sound propagation effects. For the SEL based on the simple transmission model (eq. 1), 98% and 62% of the total exposure came from the first kilometre for Nordkappbanken and Vesterålen, respectively, which was an artefact of the artificially elevated levels at close range. This illustrates a potential pitfall of using simple models when estimating sound exposure.
Discussion
The objectives at the outset of this work were to use exposure metrics to characterize the effect of air-gun emissions on fish from the two experiments and to assess the efficacy of these exposure metrics to explain the differences in responses. The simple metrics, such as exposures per area, fitted well with our initial expectation that there should be a higher impact in the smaller Nordkappbanken area. However, when modelling the SEL, the results did not support these expectations.
When computing the SEL for the two experiments, we made a series of simplifications. The simple model disregarded the topography and the physical environment and provided a crude estimate. Since the main contribution to the noise dose occurred at short distances (cf. Fig. 4d ), short-range performance of the model is particularly important for obtaining reliable SEL estimates. Several simplifications were also made for the ray-tracing model. These included using just one modelled shooting line as being representative of the whole area, disregarding the horizontal directivity pattern, and assuming similar source levels and vertical directivity for the two experiments. Regardless of these simplifications, the improved performance at close range and the importance of the bottom topography in the Vesterålen experiment highlights the deficiencies of simple propagation models when estimating SEL.
In the Introduction we alluded to the notion that the two experiments were different in a wide range of aspects and that it was perhaps naive to expect that the difference in disturbance could be explained solely by the accumulated SEL. In general, fish reactions to anthropogenic disturbances have been shown to resemble predator avoidance reactions (Frid and Dill 2002) , and several studies have demonstrated how the internal state of an organism or its environment may affect the threshold for responding to a perceived threat (e.g., Milinski et al. 1990; Lima and Dill 1990) . We have only used two cases in this paper, and it is not possible to attribute the difference in reaction to a single explanation such as "the fish were feeding" or "the fish were migrating". However, they do illustrate how potential trade-offs may change the response of fish to a disturbance and how important it is to report the general situation and state of the fish in such a study. A more extensive discussion can be found in a review of fish response to vessels noise (De Robertis and Handegard 2013) . Consequently, the link between disturbance stimuli (here in terms of accumulated SEL) and response should not necessarily be expected to be linear.
Our approach addresses sound exposure on an emission by emission scale, and it may be worth relating this approach to that of other spatial scales. At short range the energy from the air-guns can cause hearing loss or physical injury (Popper and Hastings 2009) . However, it has been indicated that freely moving fish can move out of the area of such impact (McCauley et al. 2003) . At larger scales than we considered here (more than 40 km), the air-guns may contribute to a general increase in background noise (Hildebrand 2009 ). For management purposes these long-range effects may be important, since the area of impact is larger. This paper addresses the medium-range effects (between hearing loss and effects of increased background levels) and should be interpreted in that context.
From testing the various metrics on the two cases, we can conclude that one should be cautious when using simple metrics such as exposures by area and time as a proxy for disturbance. Furthermore, when SEL is calculated, simple transmission models may be misleading, particularly at short ranges, and we recommend using more realistic models that incorporate properties of the physical environment. This is clearly demonstrated when we apply the results to our two cases, where it has been assumed that the difference in response was attributed to the higher disturbance in the Nordkappbank case. Consequently, caution needs to be exercised when relying on SEL as an impact indicator, since there is not necessarily a clear link between sound energy and disturbed behaviour. However, even if a linear response to the disturbance was established, it is important to acknowledge that the longterm consequences for fish population dynamics and fisheries, which are relevant for management, will still be unclear.
